We numerically studied a square array of plasmonic nanostructures with the unit cell composed of a z-shaped chiral structure and an achiral strip pair. Circular-polarization-dependent mode hybridization between the z-shaped structure's radiant mode and the strip pair's subradiant mode is observed: the resonance amplitudes of two hybrid modes are different for left-handed and right-handed circularly polarized waves, and an electromagnetically induced transparency-like transparency window is obvious for only one circularly polarized wave. Consequently, slow light with small group velocity is only evident for the corresponding polarization state.
INTRODUCTION
Metamaterials refer to one kind of artificially structured materials which possess some unique properties beyond what natural materials have, such as simultaneous negative permittivity and permeability and consequently negative refraction for electromagnetic waves [1] [2] [3] [4] . Due to these novel properties, they have found applications in manipulating wave propagation, among which are the superlens to increase imaging resolution beyond the conventional diffraction limit [5, 6] and cloaking invisibility to guide wave rays in the transformation media surrounding the object [7, 8] . Metallic structures have played an important role in constructing metamaterials due to their strong electromagnetic response by surface plasmon polaritons. Considered as a system composed of artificial atoms or molecules, namely, meta-atoms or meta-molecules, metamaterials have also been applied to realize some effects analogous to that in natural materials. Mode hybridization through coupling building components together in one composite unit cell has been realized [9] [10] [11] [12] [13] and attracted much attention in the past several years, as it provides a new guide to designing metamaterials, producing a variety of novel effects. Classical analogs of some effects in atomic physics, including Fano resonance [14] [15] [16] [17] [18] [19] and particularly electromagnetically induced transparency (EIT) [20] [21] [22] [23] [24] [25] [26] [27] [28] , are undoubtedly among the most interesting coupling effects. The unit cell of the plasmonic structure array to mimic the EIT effect frequently consists of an active radiant resonator directly excited by an external field and a passive subradiant resonator indirectly excited by the active resonator through coupling interaction, which in turn interacts with the active resonator and suppresses its resonance in a narrow frequency range by destructive interference with the external field.
At the same time, circular dichroism and optical rotation dispersion, namely, optical activity, originally existing in natural molecules have also been achieved by introducing chirality to the unit cells of metamaterials [29, 30] , in which the specific rotation is several orders of magnitude larger than that in natural chiral media. Particularly, optical activity was manifested in planar [31] and stacked planar achiral or chiral structures [32, 33] , which greatly facilitates the fabrication of artificially structured chiral materials. Circularly polarized states, which correspond to the spin states of photons, offer another type of information carried by lights beside amplitude, phase, and frequency. The left-handed and right-handed circularly polarized (LCP and RCP) states are degenerate in achiral media, while the degeneracy is lifted in chiral media. The lifting of degeneracy by introducing chirality to the achiral structures would lead to new properties not possessed by the original media, for example, the negative refraction of circularly polarized light [34] [35] [36] [37] . Therefore, it is of interest to design chiral structures to make some existing effects in metamaterials circular polarization selective.
Circular-polarization-dependent mode hybridization has already been reported in stacked structures comprising two twisted identical resonators of the same radiative loss [38, 39] . Either hybrid mode discriminates against one circularly polarized wave (LCP or RCP) and in favor of the other one (RCP or LCP), and an EIT-like transparency window is obvious for neither of the two circularly polarized waves. To investigate the influence of chirality on the mode hybridization between resonators of different radiative losses and obtain a circular-polarization-dependent EIT-like transparency window, we replace the achiral strip in the π-shaped structure [25, 26] with a z-shaped chiral structure. The unit cell of this square array therefore comprises a z-shaped planar chiral structure and an achiral strip pair beneath it. Circular-polarizationdependent mode hybridization is observed in this coupled structure: the resonance amplitudes of two hybrid modes are different for left-handed and right-handed circularly polarized waves, and the EIT-like transparency window is obvious for only one circularly polarized wave. Consequently and more importantly, it was demonstrated that the group velocity for the corresponding polarization state is much smaller than for the other one in the central region of the transparency window, which could be ascribed to the circular-polarization-dependent dispersion relation.
CIRCULAR-POLARIZATION-DEPENDENT MODE HYBRIDIZATION IN VERTICALLY COUPLED PLANAR CHIRAL AND ACHIRAL STRUCTURES
As shown in Fig. 1 , the unit cell of the square array consists of a z-shaped structure at the top layer and a strip pair at the bottom layer, which are both made of silver and separated by a polymer layer. This coupled structure evolves from the π-shaped structure [25, 26] by replacing the achiral strip with the chiral z-shaped structure. For the π-shaped structure, realization of obvious mode hybridization and an EIT-like transparency window requires the polarization of the incident wave to be parallel to the long side of the strip. For this coupled structure with chirality, however, the EIT-like effect is expected to discriminate against one circularly polarized state (LCP) and favor the other circularly polarized state (RCP).
The dimensions of this structure are as follows: the width of the z-shaped structure g 1 is 620 nm and that of the strip pair g 2 is 480 nm; the length of the z-shaped structure l 1 is 335 nm and that of the strip pair l 2 is 200 nm; the line width of the z-shaped structure w 1 is 100 nm and that of the strip pair w 2 is 120 nm; the thicknesses of the two oscillators t 1 and t 2 are both 40 nm, and the vertical distance along the z axis between the two structures d is 30 nm; the orientation angle θ of the strip pair with respect to the z-shaped structure is 38°; and the horizontal displacement of the strip pair with respect to the inclined bar of the z-shaped structure s is 100 nm. The structure is laid on a quartz substrate, whose thickness is set as semi-infinite in the finite simulation region, and the unit cell is arranged along two perpendicular directions (x and y axes) to form a square lattice, with the lattice constant of 800 nm.
The finite-difference time-domain (FDTD) method supported by commercial software Lumerical FDTD Solutions was employed to investigate the hybridization process in this coupled structure. The Drude model was adopted for the silver, with the parameters provided by Ordal et al. [40] : the plasmon angular frequency ω p 2π × 0.22 × 10 16 rad∕s, and the damping constant was set as ω τ 2π × 0.13 × 10 14 rad∕s, which is three times of that in the thin film considering the severe scattering of near-free electrons at the grain boundary of the strip structure [41] . The refractive index of the polymer layer is set as 1.55 and the quartz substrate as 1.50. The transmission, reflection, and absorption spectra of the z-shaped structure alone on the polymer layer are shown in Fig. 2(a) . A broad transmission dip and reflection peak as well as a subtle absorption peak indicate a radiant mode with a low quality factor in the various polarized wave incidence cases, including RCP, LCP, and linearly polarized (LP) waves with the polarization parallel to the inclined bar of the z-shaped structure.
The field profiles 15 nm away above the top face of the z-shaped structure at the resonance frequency (f 242 THz) of its radiant mode for various polarized states are shown in Fig. 3 . The field profiles illustrate some differences of this radiant mode between the three polarized states that are not distinct in the transmission, reflection, and absorption spectra. From the electric and magnetic intensity field profiles, the charge and current distribution could be deduced. The currents are shown by white arrows whose lengths indicate the current amplitudes. The charges accumulated at the two corners (the left top one and the right bottom one) of the z-shaped structure are of the same amount but different signs for each polarized state. In the RCP wave incidence case, the current amplitude in the two parallel bars along the y axis is much larger than that in the inclined bar, while in the LCP wave incidence case, the current amplitudes in the two parallel bars are a little smaller than that in the inclined bar and the amplitudes are not as large as that in the RCP incidence. In the LP wave incidence case, the current distribution and amplitudes are between that for RCP and LCP waves.
For the strip pair, there are two eigenmodes, one symmetric mode j1i 1; 1 T and the other antisymmetric mode j2i 1; −1 T , where the elements of the vector (1 or −1) denote the currents on the two strips. The symmetric mode forms a pair of radiant electric dipoles, while the antisymmetric mode forms a subradiant magnetic dipole with a large quality factor (the conduction currents in the strip pair and the displacement currents between the ends of the strip pair form a closed current loop). Since the electric fields at the two corners of the z-shaped structure are of opposite directions, not rigorously antisymmetric about the mirror plane of the two strips as shown in Fig. 1 (b) by a white dashed line, the strip laid beneath it, as shown in Fig. 1 , would be excited in the form of superposition mode jsi c 1 j1i c 2 j2i through the near-field quasi-electrostatic forces. The radiant loss of this superposition mode is between that of the symmetric and the antisymmetric mode, lower than that of the z-shaped structure, and is called the subradiant mode. It should be noted here that in the LCP and RCP wave incident cases, the incident waves contain an electric component along the long side of the strip pair, so the strip pair could be excited by the external field beside the excitation through the near-field quasi-electrostatic forces.
A strip pair with the resonance frequency of the antisymmetric mode almost coinciding with that of the z-shaped structure's radiant mode was laid beneath the z-shaped structure. The transmission, reflection, and absorption spectra of the coupled structure are shown in Fig. 2(b) . Two hybrid modes appear in the original frequency region of the z-shaped structure's radiant mode, which are indicated by the two transmission dips, two reflection peaks, and two absorption peaks (some absorption peaks are not distinct due to the low contrast of the absorption spectrum). In the LCP and LP wave incidence cases, the frequency of the hybrid mode at higher frequency (248 THz) and the central frequency of the transparency window (244 THz) are a little lower than that for RCP wave (249 and 245 THz, respectively). The spectrum line profiles are very different for the three polarized states. In the RCP wave incidence case, the resonance amplitude of the hybrid mode at the lower frequency is comparable with that at the higher frequency, so an obvious EIT-like transparency window opens. In the LCP and LP wave incidence cases, however, the resonance amplitude of the hybrid mode at the lower frequency is much smaller than that at the higher frequency, and the transparency window is not distinct. The polarization-dependent mode hybridization is ascribed to the differences in the z-shaped structure's radiant mode for the three polarized states, which leads to different near-field coupling interactions between the two oscillators and consequently different superposition modes of the strip pair.
To investigate the excited mode of the strip pair when coupled with the z-shaped structure, two point probes were Comparison between the z-shaped structure alone and the coupled structure by their transmission, reflection, and absorption spectra. (a) Spectra for the z-shaped structure alone. (b) Spectra for the coupled structure. The three vertical dashed lines illustrate the resonance frequencies of the two hybrid modes and the central frequency of the EIT-like transparency window for the RCP wave (241, 249, and 245 THz, respectively). In the LCP and LP wave incidence cases, the frequency of the hybrid mode at higher frequency (248 THz) and the central frequency of the transparency window (244 THz) are a little lower than that for the RCP wave. placed 15 nm away beneath the center of the bottom face of each strip, as shown by red marks in Figs. 1(b) and 1(c) . The θ component of the magnetic field intensity (H θ H x cos θ− H y sin θ, perpendicular to the long side of the strip pair) of the two probes reflects the current oscillation on the two strips and thus the excited mode. The time evolution of H θ was plotted in Fig. 4 for the resonance frequencies of the two hybrid modes and the central frequency of the transparency window in the RCP, LCP, and LP wave incidence cases. The combination coefficients (c 1 andc 2 ) for the superposition mode (jsi c 1 j1i c 2 j2i) were obtained from the currents on the two strips and are shown at the bottom of each panel. In the LP wave incidence case, the oscillation of the strip pair is purely excited by the z-shaped structure through the near-field quasielectrostatic force, so the currents on the two strips have a large phase difference Δφ (Δφ 1.4π for f 241 THz, Δφ 1.0π for f 244 THz, and Δφ 0.9π for f 248 THz). However, as mentioned above, the oscillation of the strip pair is not rigorously antisymmetric but a superposition of the primary antisymmetric and the secondary symmetric mode, unlike that in the π-shaped structure [25, 26] . The superposition mode of the strip pair thus could not completely suppress the oscillation of the z-shaped structure's radiant mode at the central frequency of the EIT-like transparency window (the field profile of the z-shaped structure was not shown due to its complexity), which is therefore not as distinct as that in the π-shaped structure. In the RCP and LCP wave incidence cases, there are also differences of varying degrees between the phases of currents on the two strips, which indicates that the strip pair still oscillates in the form of superposition mode, though the external field also excites the strip pair beside the near-field quasi-electrostatic force by the z-shaped structure. The ratio ofc 2 toc 1 (c 2 ∕c 1 ) was shown in each panel in order to confirm that the antisymmetric mode j2i plays an important role in the oscillation of the strip pair at the three frequencies for various polarized waves and that the superposition mode of the strip pair is indeed subradiant.
The ratios ofc 2 toc 1 (c 2 ∕c 1 ) at the three frequencies are different for each polarized wave, which suggests that the mode hybridization involves three modes: the z-shaped structure's radiant mode and the strip pair's two eigenmodes (j1i and j2i). The hybrid modes shown in Fig. 2(b) are the two of all the hybrid modes produced by the hybridization (other modes are not shown in this paper). The differences in the amplitudes and phase relations between the currents on the two strips for the three polarized states show that the superposition mode of the strip pair is polarization dependent, which stems from the polarization-dependent z-shaped structure's radiant mode and consequently the near-field coupling interactions between the two oscillators as mentioned above.
To further understand the mechanism underlying the mode hybridization and engineer the EIT-like transparency window, we study the dependence of the transparency window on the intrinsic loss of the metallic structure and the horizontal displacement s of the strip pair with respect to the inclined bar of the z-shaped structure. The damping constant ω τ in the Drude model characterizes the intrinsic loss of the metallic structure and was, respectively, set as one, three, and five times that provided by Ordal et al. [40] , with the other parameters the same as mentioned above. As shown in Fig. 5 , with the decrease of the metal loss, the contrast of the spectral line for backward scattering (reflection) is increased, and the transparency window becomes more obvious, with its width unchanged. This is in agreement with the model for two coupled oscillators [26] , in which the transparency window becomes more distinct as the damping constants of the two oscillators are both reduced. Thus, the intrinsic loss of the structure is a critical parameter for engineering the transparency window and might also be reduced and actively tuned by incorporating gain materials [42] .
The horizontal displacement s was varied from 0 to 150 nm, with a step of 50 nm, and the other parameters remained the Figs. 1(b) and 1(c) . The H θ field profile at the right bottom (15 nm away beneath the bottom faces of the strip pair) shows the H θ field profile at the moment of ωt 0.12π for f 245 THz in the RCP incidence case (marked by a vertical dashed line in the corresponding panel). The white arrows illustrate the currents on the two strips with the lengths indicating the current amplitudes.c 1 andc 2 given in each panel are the combination coefficients for the superposition mode jsi c 1 j1i c 2 j2i, where j1i and j2i are the symmetric and antisymmetric eigenmode of the strip pair. same as that mentioned above. For s 0 nm, the transparency window nearly disappears, and the spectra are similar to those of the z-shaped structure alone. It suggests that the coupling between the two oscillators in this case is weak and that the transparency window in the nonzero s value cases indeed stems from the coupling of the two oscillators. For s set as nonzero values, the evolution of the transparency window is not as regular as that in the π-shaped structure [25, 26] (the spectra are not shown here). It is because that for different s values, the ratio of c 2 toc 1 (c 2 ∕c 1 ) for the superposition mode of the strip pair were different. In the π-shaped structure case, variation of the horizontal displacement s only affects the coupling strength, leaving the antisymmetric mode of the strip pair unchanged. Still, s is another important parameter for tailoring the transparency window, and a series of values of smaller step could be attempted to obtain a transparency window of desired spectral line shape.
It should be noted here that this structure does not have a four-fold rotational symmetry axis along the normal direction; in the circularly polarized wave incidence case, the transmitted and reflected waves, according to the Jones matrix theory [43] , are no longer rigorously circularly polarized but elliptically polarized. We have attempted to arrange the unit cell to create a four-fold rotational symmetry axis by rotating the neighboring unit cell by 90°, with four unit cells constituting a composite unit cell, but the EIT-like transparency window is not obvious due to the far-field interference. Although this coupled structure does not support the propagation of rigorous RCP or LCP wave as its polarization eigenstate due to the broken four-fold rotational symmetry, the transmitted waves are dominated by only one circularly polarized component, the one the same as that of the incident wave, as will be proved in the following section. Therefore, RCP and LCP waves could be approximately considered as the two polarization eigenstates of this coupled structure.
CIRCULAR-POLARIZATION-DEPENDENT SLOW LIGHT
Given that LCP and RCP waves could be approximately viewed as the two polarization eigenstates of this coupled structure, the transmission, reflection, and absorption spectra for LCP and RCP waves shown in Fig. 2 could be considered as the spectra for the two polarization eigenstates. Since the EIT-like transparency window is more obvious for the RCP wave than for the LCP wave, according to effective medium theory [44] , a steep normal dispersion of the real part of the refractive index around the center of the transparency window, and consequently a slow group velocity originally existing in coherent media with EIT effect [45, 46] , is expected to be smaller for a RCP pulse than for a LCP pulse.
LCP and RCP waves should have their own dispersion relations k L∕R ωn L∕R ∕c 0 , respectively. The different group velocities of LCP and RCP pulses result from their own refractive index dispersions n L∕R ω in this coupled structure,
where v g denotes the group velocity, k denotes the real part of the wave vector, n denotes the real part of refractive index, c 0 is the velocity of light in vacuum, n g n ωd n∕d ω denotes the group index, and the superscript or subscript L∕R denotes the LCP or RCP pulse. Viewed as an effective medium, the refractive index n L∕R could be retrieved by the phase delays of transmitted waves according to the relation n L∕R ω Φ L∕R ∕2π∕l ∕λ 0 , where Φ L∕R is the phase delay by this structure, l represents its thickness, and λ 0 denotes the wavelength in vacuum corresponding to the angular frequency ω. It is noted here that
∕R ω is the complex amplitude of the transmitted wave through this coupled structure andẼ 1 L:∕R ω is that of the transmitted wave through the substrate as reference; arg denotes a function for obtaining the phase of a complex number. In the LCP/RCP wave incidence case, the transmitted waves contain a small amount of RCP/LCP waves, so the transmitted LCP/RCP waves should be extracted by basic vector transformation, shown by Eq. (3) in the following text. Thus, the group index n L∕R g could be obtained by its relation with the refractive index n L∕R . As shown in Fig. 6 , the refractive index n L∕R and group index n peak near the hybrid mode at the higher frequency (f 248 THz). This stems from the circular-polarizationdependent mode hybridization that the resonance amplitudes of the two hybrid modes are comparable for RCP waves, and by contrast, the resonance amplitude of the hybrid mode at the higher frequency is much larger than that at the lower frequency for LCP waves. The transmission coefficients in the central region of the window should be larger than that near the hybrid mode at the higher frequency. It is expected that in the marked region, a RCP pulse should obtain a longer time delay than a LCP pulse and both retain relatively large amplitudes. Figure 6 also indicates that as the metal loss is reduced, the slope of the normal dispersion of n L∕R is increased and the n L∕R g consequently becomes larger. It results from the fact that the transparency window becomes more obvious with the decrease of the metal loss.
The above predictions by refractive index dispersion n L∕R ω and group index n L∕R g could be confirmed by simulations in time domain. LCP and RCP pulses, both with a bandwidth of about 4 THz around the central frequency of 244 THz, coinciding with the central region of the transparency window marked by inclined lines in Fig. 6 were simulated to inject into the substrate (as reference) and this coupled structure (including the substrate). For the transmitted waves, frequency spectra of two orthogonal electric field component, Ẽ x ω;Ẽ y ω T , could be obtained by applying a Fourier transformation to the time signal of the transmitted pulses [the time factor of the harmonic component is defined as exp−iωt, Ẽ x ω E y ω 1 2π
If each frequency component Ẽ x ω;Ẽ y ω T contains again both LCP and RCP components, the two orthogonal circular polarized componentsẼ L ω andẼ R ω could be separated by basic vector transformation, from the linearly polarized set of 1; 0 T x and 0; 1 T y to the circularly polarized set of 1; −i T L and 1; i T R (the transmitted wave propagates along the negative direction of the z axis),
Then the time signal of the separate LCP and RCP pulses could be obtained by applying an inverse Fourier transformation to the frequency spectra of the LCP and RCP pulses given by Eqs. (2) and (3),
where E x t; E y t
T L∕R
represents the time signal of the separate LCP and RCP pulses. It is worthwhile to note that E x t; E y t
differs from E x t; E y t T in that the latter one represents the time signal of the total transmitted pulse with LCP and RCP pulses mixed together. The frequency spectra of the transmitted LCP and RCP pulses from the substrate jẼ L∕R ωj, obtained by Eqs. (2) and (3), and the time signals of the transmitted LCP and RCP pulse, E x t; E y t , with the left top panel for the LCP pulse incidence case and the right top panel for the RCP pulse incidence case. The transmitted pulse is also rigorously the LCP or RCP pulse, whose frequency spectra are the same, because the substrate are achiral, maintaining the polarization and having the same transmission coefficient for any normally incident polarized wave. The envelopes of E x t and E y t are almost the same owing to the narrow bandwidth, so only the E x t signal is given here.
The frequency spectra of the transmitted LCP and RCP pulses from the coupled structure, jẼ L∕R ωj, are obtained by Eqs. (2) and (3), and the time signals of the transmitted LCP and RCP pulses, E x t; E y t Fig. 7(a) , the transmitted pulse is dominated by a LCP pulse, with a small RCP pulse scattered by the coupled structure; similarly, in the RCP pulse incident case, as shown in the bottom panel of Fig. 7(b) , the transmitted wave is dominated by a RCP pulse, with a small scattered LCP pulse. In fact, the time signals for the LCP and RCP pulses were mixed together in the simulation and were separated by Eqs. (2)-(4). The converted RCP or LCP pulse of small amplitude stems from the fact that the polarization eigenstates of this coupled structure are not rigorously LCP and RCP and could be neglected compared with the primary LCP or RCP pulse. It thus confirms the claim at the end of the above section that the transmitted waves are dominated by one circularly polarized component of the same handedness as that of the incident wave, and the RCP and LCP Research Article waves could be approximately considered as the two polarization eigenstates of this coupled structure.
The time delay of the RCP pulse (Δt ≈ 39 fs) is much longer than that for the LCP pulse (Δt ≈ 10 fs), confirming the predictions by refractive index dispersion n L∕R ω and group index n L∕R g . Besides, both the transmitted LCP pulse (LCP pulse incidence) and the RCP pulse (RCP pulse incidence) maintain relatively large amplitudes and that of the RCP pulse is a little larger than LCP pulse. It is because the frequency band of the pulses coincides with the central region of the transparency window and that the transmission coefficients of RCP waves are larger than LCP waves. It is noted here that both the transmitted pulse signals from the substrate and that from the coupled structure were acquired 7 μm away from the structure, where the fields are homogeneous for frequencies no higher than 248 THz, which covers most of the frequency components of the pulses.
As shown in Fig. 7(c) , as the metal loss is reduced, the time delays of the pulses are increased, which is in agreement with the variation of the group index n L∕R g with the loss shown in Fig. 6 . As mentioned in Section 2 of this paper, if the metal loss could be compensated by incorporating a gain medium, the group velocity would be further slowed down and actively tuned by optical or electrical pumping [42] .
CONCLUSIONS
Circular-polarization-dependent mode hybridization between resonators of different radiative losses was numerically studied in a square array of a plasmonic nanostructure array whose unit cell is composed of a chiral z-shaped structure providing the radiant mode and an achiral strip pair providing the subradiant mode. The EIT-like transparency window is more obvious for RCP waves than for LCP waves. The circular-polarizationdependent EIT effect was first realized through the destructive interference of a correlated exciton pair of opposite spins in GaAs quantum wells performed at 10 K, in which the probe and coupling beams are required to have opposite circular polarization [47] . The artificially structured material proposed in this paper provides another route to the circular-polarizationdependent EIT-like effect at room temperature, with only one beam involved. It thus expands the region of metamaterials, which explore novel properties natural materials do not possess. Circular-polarization-dependent slow group velocity is another interesting concept, which means that the steep normal dispersion of the refractive index (dominated by electric permittivity in this structure) discriminates against one circular polarized wave and is in favor of the other one in a specific frequency region, and it is different from that in achiral media. The circular-polarization-dependent slow group velocity might find some applications in enhancing circular polarization selective light-matter interactions. 
